A novel type II nucleoside 2-deoxyribosyltransferase from Lactobacillus reuteri (LrNDT) has been cloned and overexpressed in Escherichia coli. The recombinant LrNDT has been structural and functionally characterized. Sedimentation equilibrium analysis revealed a homohexameric molecule of 114 kDa. Circular dichroism studies have showed a secondary structure containing 55% ␣-helix, 10% ␤-strand, 16% ␤-sheet, and 19% random coil. LrNDT was thermostable with a melting temperature (T m ) of 64°C determined by fluorescence, circular dichroism, and differential scanning calorimetric studies. The enzyme showed high activity in a broad pH range (4.6 to 7.9) and was also very stable between pH 4 and 7.9. The optimal temperature for activity was 40°C. The recombinant LrNDT was able to synthesize natural and nonnatural nucleoside analogues, improving activities described in the literature, and remarkably, exhibited unexpected new arabinosyltransferase activity, which had not been described so far in this kind of enzyme. Furthermore, synthesis of new arabinonucleosides and 2-fluorodeoxyribonucleosides was carried out.
. Likewise, a glutamyl residue (Glu98) has been proven essential for activity (40, 41, 46) .
Enzymatic natural and nonnatural nucleoside synthesis in a one-pot reaction by NDTs provides an interesting alternative to traditional multistep chemical methods (13, 34) . Indeed, chemical glycosylation includes several protection-deprotection steps and the use of chemical reagents and organic solvents that are expensive and environmentally harmful. Whereas previously described NDTs accept different nucleosides from azole derivatives (5, 39) to expanded-size purines (37, 45) , they are highly specific for 2Ј-deoxyribose and do not accept ribonucleosides as donors, because the nucleophilic oxygen atom of the catalytic glutamic hydrogen bonds to the O-2Ј atom of ribonucleosides and is, thus, inactive (1) .
Since several nonnatural nucleosides acting as antiviral or anticancer agents have modifications on their sugar moiety, research on new biocatalysts able to synthesize them as alternatives to chemical synthesis is still relevant.
Here we report the cloning and expression of a putative ndt gene encoding a putative nucleoside 2Ј-deoxyribosyltransferase from Lactobacillus reuteri (LrNDT), and we show that LrNDT is a type II NDT. Moreover, we have characterized the purified LrNDT structurally and functionally. Remarkably, LrNDT synthesizes natural and nonnatural nucleosides and bases with higher activities than those described in the literature. More interestingly, LrNDT is able to synthesize new nonnatural nucleosides: 2Ј-fluorodeoxyribonucleosides and arabinonucleosides. It is important to note that arabinosyltransferase activity has not been described in this kind of enzyme before, this being the first time that an NDT enzyme has shown arabinosyltransferase activity. These results are very interesting since LrNDTs, inactive for ribonucleosides, can recognize arabinonucleosides and 2Ј-fluorodeoxyribonucleosides as substrates. methanol in an ice bath and heated at 95°C for 5 min. After centrifugation of the samples at 9,000 ϫ g for 2 min, 50 l of supernatant was diluted with 50 l of water and the production of nucleosides was analyzed by high-pressure liquid chromatography (HPLC) (Agilent 1100 series) with a Luna C 18 column, 5 m, 250 ϫ 46 mm (Phenomenex). The elution conditions were as follows: 0 to 10 min, 100 to 90% trimethyl ammonium acetate and 0 to 10% acetonitrile, and 10 to 20 min, 90 to 100% trimethyl ammonium acetate and 10 to 0% acetonitrile. The flow rate was fixed at 1 ml/min, and the pressure was 18,000 kPa. Four wavelengths were used for detection: 254, 260, 240, and 230 nm. One unit of enzyme activity was defined as the amount of enzyme required to produce 1 mol of product per min under standard conditions: 50 mM MES buffer, pH 6.5, 40°C, 10 mM substrate concentration. Under these conditions the reaction was linear at least up to 15 min of reaction and up to 40 g of pure protein (for an example, see document S2 in the supplemental material).
Enzymatic synthesis of natural nucleosides was performed as described for the NDT standard assay using different 2Ј-deoxyribonucleosides and bases (10 mM). Enzymatic synthesis of nonnatural nucleosides was carried out from natural or nonnatural deoxyribonucleosides and bases at different conditions. The production of nucleosides was detected by HPLC as described above (for an example, see document S2 in the supplemental material). All activity determinations were performed in triplicate.
Retention times (t r ) for the reference compounds were as follows: (i) natural compounds, uracil (Ura), 5.41 min; 2Ј-deoxyuridine (dUrd), 9.16 min; adenine (Ade), 10.14 min; 2Ј-deoxyadenosine (dAdo), 15.50 min; hypoxanthine (Hyp), 7.34 min; 2Ј-deoxyinosine (dIno), 10.95 min; cytosine (Cyt), 4.14 min; 2Ј-deoxycytidine (dCyd), 8. 17 .73 min; 5-fluoro-2Ј-deoxycytidine (5-FdCyd), 9.16 min; 5-fluoro-2-methoxy-4(1H)pyrimidinone-2Ј-deoxyribose (5-FMP-dRib), 13.42 min; 2,6-diaminopurine-2Ј-deoxyribose (2,6-DAP-dRib), 14.29 min; 6-mercaptopurine-2Ј-deoxyribose-(6-MdRib), 11.96 min; benzimidazole-2Ј-deoxyribose (BdRib), 28.95 min; ara-adenine (ara-Ade), 13.14 min; ara-uracil (ara-Ura), 8.68 min; ara-cytosine (ara-Cyt), 7. .29 min; ara-5-fluorouracil (ara-FUra), 10.9 min; ara-5-chlorouracil (araClUra), 13.2 min; ara-5-bromouracil (ara-BrUra), 15.7 min; ara-5-iodouracil, 17.9 min; ara-flucytosine (araFCyt), 10.12 min; ara-5-fluoro-2-methoxy-4 (1H)pyrimidinone (ara-5-FMP), 13.8 min; ara-2,6-diaminopurine (ara-2,6-DAP), 15.1 min.
Analytical ultracentrifugation analysis. Sedimentation velocity and equilibrium experiments for LrNDT were carried out in the Centro de Investigaciones Biológicas (CSIC; Spain). Experiments were performed in 50 mM potassium phosphate buffer (pH 7)-0.5 M NaCl at 20°C and 50,000 ϫ g in an Optima XL-I analytical ultracentrifuge (Beckman-Coulter Inc.), equipped with absorbance optics, using an An-60Ti rotor and standard (12-mm optical path) double-sector center pieces of Epon-charcoal. Baseline offsets were measured afterwards at 200,000 ϫ g. The apparent sedimentation coefficient of distribution, c(s), and sedimentation coefficient s were calculated from the sedimentation velocity data using the program SEDFIT (8) . The whole-cell weight-average bM w (buoyant molar mass) values were obtained by fitting the experimental data to the equation for the radial concentration distribution of an ideal solute at sedimentation (18) according to the following equation: (A nat /A unf ) ϭ (ε nat /ε unf ), where A nat and A unf are the absorbance values at 280 nm for the soluble protein in 10 mM potassium phosphate buffer, 0.5 M NaCl, pH 7.0, and that for unfolded protein in the presence of 6 M guanidine hydrochloride, respectively. ε unf , the molar extinction coefficient of unfolded protein, was calculated according to the amino acid sequence of the enzyme by using the ProtParam program (http://us.expasy.org/cgi-bin/protparam) (21) .
Fluorescence emission spectra of pure recombinant LrNDT were monitored at 25°C using an SLM-Aminco 8000C fluorescence spectrophotometer with thermostat-linked 0.4-cm-and 1-cm-path-length quartz cells of excitation and emission, respectively. The excitation and emission slit widths were 5 nm. The scan rates were 60 nm/min. Two excitation wavelengths were used, 280 nm and 295 nm. Protein concentration was 0.1 mg/ml in 50 mM potassium phosphate buffer, pH 7.0. Temperature dependence studies of the fluorescence emission spectra of pure recombinant LrNDT were performed between 20 and 85°C.
Circular dichroism (CD) spectra of pure recombinant LrNDT were recorded using a Jasco J-715 (Japan) spectropolarimeter with a thermostat-linked 0.1-cmpath-length quartz cell in the far-UV region. The protein concentration was 0.21 mg/ml in 50 mM potassium phosphate buffer, pH 7, at 25°C. The CD readings were expressed as the mean residue molar ellipticity
), assuming a residue molecular mass of 110 kDa. Secondary structure information on LrNDT has been obtained from CD spectra by using the CDSTRR, CONTILL, and SELCON3 programs of the CDPRO pack (46) . DSC studies. Differential scanning calorimetry (DSC) experiments were performed using a Microcalorimeter VP-DSC calorimeter (Microcal). Six hundred microliters of pure enzyme solution (0.21 mg/ml) in 50 mM potassium phosphate buffer, pH 7, was charged in the reference cell and exposed under several temperatures between 20 and 90°C.
Temperature and pH studies. Thermal stability was studied by incubating pure NDT solutions (0.0675 mg/ml) in 50 mM MES buffer, pH 6.5, at different temperatures (20 to 80°C). At regular intervals of time, 5-l aliquots were extracted from the incubation mixture and the residual activity was determined at 40°C using 2Ј-deoxyadenosine synthesis from 2Ј-deoxyuridine and adenine under the standard assay conditions. The experimental deactivation data were modeled by equation 1 or equation 2 using a nonlinear regression procedure based on the Lvenberg-Marquardt method of iterative convergence (24) included in the TableCurve 2D v5.01 program:
where a is the residual activity; E, E 1 , and E 2 are the specific activities of native, intermediate, and denatured enzyme, respectively; ␣ 1 and ␣ 2 are the ratios of specific activities E 1 /E and E 2 /E, respectively; and k 1 and k 2 are first-order deactivation coefficients. The values of k 1 , k 2 , ␣ 1 , and ␣ 2 were constrained to be nonnegative, and the theoretical deactivation curves were obtained from equation 1 or 2 by substitution of the calculated convergence values. Agreement between the experimental and theoretical data was considered good when the convergence relation coefficient was higher than 0.98 for each deactivation experiment.
The optimal temperature for enzyme activity was also determined by measuring the activity between 20 and 80°C using 2Ј-deoxyadenosine synthesis as described above.
The LrNDT stability at different pHs was studied by incubating 0.34 g of pure recombinant enzyme at pH 4.0 to 8.0 for 15 min at 4°C in 10 mM potassium citrate-phosphate buffer at a constant ionic strength (I) of 150 mM, and after that, enzyme samples were adjusted to pH 6.5 by the addition of 50 mM MES buffer and the LrNDT activity was measured at 40°C using thymidine synthesis from 2Ј-deoxyuridine and thymine under the standard conditions. Optimal pH was determined by measuring the LrNTD activity in 10 mM potassium citratephosphate buffer at different pHs (4.0 to 8.5). The ionic strength (I) at each pH was adjusted to 150 mM by addition of NaCl in amounts calculated using a Visual Basic program developed in our laboratory, which allows analysis of buffer systems with up to four tetraprotic species.
All activity determinations were performed in triplicate.
RESULTS

Purification and structural characterization of type II nucleoside 2-deoxyribosyltransferase from Lactobacillus reuteri.
The putative gene ndt, encoding nucleoside 2Ј-deoxyribosyltransferase from Lactobacillus reuteri (LrNDT), was amplified by PCR, cloned, and overexpressed in Escherichia coli BL21 (DE3) (Materials and Methods). The recombinant LrNDT produced by E. coli CECT 7435 was purified by two chromatographic steps. SDS-PAGE analysis of purified enzyme shows only one protein band with an apparent molecular mass of 18 kDa (Fig. 2) . The N-terminal sequence (12 amino acids long) of the recombinant NDT confirmed that the purified enzyme was LrNDT. In order to determine the 2Ј-deoxyribosyltransferase activity shown by LrNDT, different reactions with riboand 2Ј-deoxyribonucleosides (dUrd ϩ dAdo, dAdo ϩ Hyp, dUrd ϩ Thy, Ino ϩ Ade, and Urd ϩ Ade) were performed. The pure enzyme did not interchange bases between ribonucleosides; in contrast, it was able to catalyze the transfer of 2Ј-deoxyribose between purine or pyrimidine and/or pyrimidine bases, showing that LrNDT should be classified as a type II NDT and is free of nucleoside phosphorylase traces.
In addition, analytical ultracentrifugation studies have been carried out in order to determine the molecular mass and the oligomeric state of LrNDT in solution as well as its shape. Figure 3A shows the apparent sedimentation coefficient distributions, c(s), for LrNDT calculated from sedimentation velocity experiments using the program SEDFIT (8) . All of the distributions were symmetrical, and a single major molecular species is in solution, which allows the conversion to c(M), resulting in a molar mass of 112.7 kDa, thus indicating a hexameric state.
Moreover, sedimentation equilibrium experiments were performed to obtain an accurate measure of mass. LrNDT sedimented at equilibrium as a single species with a best-fit bM w of (Fig. 3B) , which, after buoyancy correction, is compatible with a single-species homohexamer model too of 113 Ϯ 3 kDa. This value is similar to the molecular mass calculated from the amino acid sequence (109 kDa). These results agree with previous reports for this kind of enzyme (1, 3, 14, 25, 28, 36, 49, 50) . In order to characterize LrNDT, several properties have been further investigated. Thus, the molar extinction coefficient in solution, ε 280 ϭ 34,996 M Ϫ1 cm Ϫ1 , was determined as described above. On the other hand, the fluorescence spectra of LrNDT were recorded at two excitation wavelengths, 280 nm and 295 nm (see Fig. S1 in the supplemental material). Since a single maximum emission peak at 334 nm was observed in all spectra, we were able to conclude that tryptophans are the main residues responsible for the emission and all of them must be located inside the LrNDT structure.
Moreover, the content of regular elements of secondary structure in LrNDT was determined by obtaining its far-UV CD spectrum (Fig. 4) . The protein contains 55% ␣-helix, 16% ␤-sheet, 10% ␤-turns, and 19% random coil. These results agree with the secondary structure predicted from its amino acid sequence and are similar to those described for Lactobacillus leichmannii (2, 14) .
Furthermore, CD thermal denaturation curves (inset in Fig.  4 ) as well as temperature-dependence decay studies of fluorescence and calorimetry experiments (see Fig. S2 in the sup- Biochemical characterization. Since the optimal conditions for NDT activity are not well established in the literature, we have determined them for the reactions catalyzed for LrNDT. Thus, temperature, pH, and ionic strength (I) dependence on the stability and the activity of the enzyme as well as the effect of several ions on NDT activity were studied.
An important criterion for enzyme activity determination is that the enzyme must be stable during the assay time, and thus, the effect of temperature on LrNDT was examined at different temperatures ranging from 20 to 80°C. Thus, thermal stability of the recombinant NDT was studied by preincubating the enzyme at different temperatures, after which aliquots were withdrawn at the indicated times and tested for activity (Fig.  5A) . The activity was stable up to 50°C, whereas activity progressively decreased to become almost abolished when the enzyme was stored at temperatures ranging from 50°C to 80°C ( Fig. 5A and B) . In addition, the effect of temperature on LrNDT activity was examined by measuring its activity in the temperature range from 20 to 80°C using 2Ј-deoxyadenosine synthesis from 2Ј-deoxyuridine and adenine under standard conditions. The highest activity was achieved between 30 and 50°C (Fig. 5B) . On the other hand, the deactivation parameters (␣ 1 , ␣ 2 , k 1 , and k 2 ) were calculated (see Table S1 in the supplemental material) by fitting the experimental data to equation 1 or 2. As shown, the deactivation at 60 and 65°C followed a first-order exponential decay model whereas the depicted deactivation curves between 70 and 80°C exhibited classically biphasic decays, with an initial period of quick deactivation followed by a period of slower deactivation. Moreover, it is remarkable that the most important change occurred between 65 and 70°C. These results agree with thermal denaturation curves observed by fluorescence, CD, and microcalorimetry, in which unfolding was observed up to 50°C.
With regard to pH studies, synthesis of thymidine (Tyd) from 2Ј-deoxyuridine (dUri) and thymine (T) was selected as the standard reaction due to pK a values of thymine (9.7) and uracil (9.2), which guarantee the correct protonated form of nucleosides and bases in solution at the pH range assayed (4 to 8). The enzyme was completely stable in this pH interval and showed optimal activity in a wide pH range (5.0 to 7) (Fig. 5C  and D ). Since the enzyme shows optimal activity in a broad temperature and pH range, 40°C and pH 6.5 were selected as conditions for the standard synthesis reaction catalyzed by LrNDT.
Likewise, the effect of cations on the base exchange activity of the recombinant LrNDT was examined (see Table S2 in the supplemental material). In contrast to other reports (36), the enhanced activity effect exerted by NH 4 ϩ , K ϩ , or Rb ϩ was not observed, whereas divalent cations showed inhibitory effects as previously described (36) .
Finally, when the ionic strength (I) effect on NDT activity was studied (data not shown), a slight activity decrease was observed when NaCl concentration was increased (70% activity remained at 1 M NaCl).
Nucleoside synthesis. Synthesis of natural and nonnatural nucleosides catalyzed by recombinant LrNDT has been extensively explored (see Tables 1, 3 , 4, and 5). With regard to natural nucleoside synthesis, LrNDT catalyzes the 2-deoxyribose transfer reaction between purine or pyrimidine and/or pyrimidine bases (Table 1 ). The enzyme prefers pyrimidines to purines as substrates, dUrd being the best nucleoside donor, followed by dThd, dAdo, and dIno, whereas cytosine (Cyt) was the best base acceptor and hypoxanthine (Hyp) was the worst. These results agree with those previously described for other NDTs. It should be noted that LrNDT shows higher specific activities than do other reported NDTs (28, 29, 36) (Table 2) . LrNDT shows lower K m values for dUrd than for Cyt, according to the ping-pong mechanism described for other NDTs (15, 16) . It is notable that the k cat and k cat /K m values for both substrates are higher than those described for other NDTs (15, 16, 29, 41) .
To determine whether LrNDT would be able to synthesize nonnatural nucleosides (purines and pyrimidines) from natural nucleosides and nonnatural bases, the best donors, dUrd (as pyrimidine 2Ј-deoxyribonucleoside) and dAdo (as purine 2Ј-deoxyribonucleoside) were selected (Table 3) . Likewise, the best acceptors, cytosine, uracil, and adenine, were chosen to Ura  48  51  21  Thy  64  41  22  Ade  103  36  34  Hyp  43  31  8  Cyt  117  85  66  35 a Reaction conditions were 0.34 g of enzyme in 40 l at 40°C for 5 min. Substrate concentrations were 10 mM in 50 mM MES buffer, pH 6.5. (Table 4) . As shown, LrNDT is able to catalyze most of the transfer reactions assayed with good yields. Remarkably, synthesis of 5-fluoro-2Ј-deoxycytidine and 5-fluoro-2-methoxy-4(1H)pyrimidinone-2Ј-deoxyribose by LrNDT has been performed, something which had not been described so far for 2Ј-deoxyribosyltransferases. Most important, synthesis of nonnatural nucleosides such as ara-adenine, ara-uracil, ara-cytosine, 2Ј-fluoro-2Ј-deoxyuridine, and 2Ј-fluoro-2Ј-deoxycytidine catalyzed by LrNTD was performed (Table 4) , being the first time that arabinosyltransferase activity is described for an NDT enzyme. Although wild-type NDTs from Lactobacillus fermentum and Lactobacillus leichmannii can slightly recognize 2Ј,3Ј-dideoxyribonucleosides (28), up to now no NDT enzyme described so far has recognized arabinonucleosides.
Furthermore, synthesis of nonnatural nucleosides from nonnatural nucleosides and nonnatural bases has been carried out for the first time ( Table 5 ). All of these synthetic activities are very interesting for the aim of using LrNDT as a novel biocatalyst to obtain new arabinonucleosides and 2Ј-fluoro-2Ј-deoxyribonucleoside analogues, which could be used as possible therapeutic agents.
DISCUSSION
Modified nucleosides are extensively used as antiviral and antitumor agents (19, 20) . These molecules have been synthesized by different chemical methods (27) ; however, the necessary tedious protection and deprotection steps often lead to low yields and increased costs. Indeed, chemical methods usually increase the difficulty of obtaining products with correct stereo-and regioselectivity, generating secondary products (13, 34, 56) . As an alternative to the synthesis approach, enzymatic synthesis performed under very mild conditions in a stereoand regiospecific manner (42, 55 ) is a valuable option. Nowadays, 2Ј-deoxyribosyltransferases are quite interesting since these enzymes can be used to carry out the synthesis of natural and nonnatural nucleosides with antiviral and antitumor activity in a one-pot reaction. Actually few NDTs are described, and all of them are specific for deoxyribose. Moreover, since several nonnatural nucleosides acting as antiviral or anticancer agents have modifications on their sugar moiety, it is interesting to explore the possibility of developing a novel and effective industrial biocatalyst to catalyze the enzymatic synthesis of natural and modified nucleosides.
In this sense, we have cloned and overexpressed in Escherichia coli BL21(DE3) the putative ndt gene from Lactobacillus reuteri CECT 925 by using the expression vector pET28a(ϩ). We have determined that ndt encodes a type II 2Ј-deoxyribosyltransferase (LrNDT) which catalyzes the transfer between purines and/or pyrimidines and is more promising for use in the industrial synthesis of nucleosides.
The pure LrNDT has been structurally characterized by analytical ultracentrifugation, UV-visible light spectroscopy, CD, fluorescence, and calorimetry studies (DSC). The enzyme is a homohexamer of 113 kDa, in agreement with other described lactobacillus NDTs (1, 3, 5, 14, 25, 28, 36, 49) . Fluorescence emission spectra suggested that the recombinant NDT was perfectly folded since the fluorescence emission maximum of the protein was blueshifted, indicating that all tryptophan residues are buried inside the hydrophobic protein structure. Likewise, CD spectra recorded in the far-UV spectra evidence a folded structure that perfectly agrees with the secondary structure predictions based on amino acid sequence and is similar to those described for other NDTs from lactobacilli (2, 14) .
Interestingly, the high T m value (64°C) determined by temperature-dependent decay studies of fluorescence, CD thermal denaturation curves, and microcalorimetry experiments allows us to classify this enzyme as a stable protein. Moreover, LrNDT also shows high stability in a broad range of pHs and temperatures (Fig. 5) . Furthermore, enzyme activity was totally maintained at 40°C for 20 h, and 70% of its activity remained after 24 h of storage time at the same temperature (see Fig. S3 in the supplemental material). It could be pointed out that the highest activity was achieved in a pH range from 4.5 to 7.9 and in the temperature interval from 30 to 50°C. These data, taken together, allow us to conclude that E. coli is able to produce LrNDT in active form and showing a high stability which provides an additional advantage for consideration as a promising biocatalyst for ndustrial nucleoside synthesis.
Furthermore, natural and nonnatural nucleoside synthesis by LrNDT has been performed to determine substrate specificity. LrNDT has a strong preference for pyrimidines as substrates; thus, regarding nucleoside donors the enzyme prefers dUrd Ͼ dThd Ͼ dAdo Ͼ dIno, whereas it recognizes Cyt Ͼ Ade Ͼ Ura Х Thy Ͼ Hyp as base acceptors. Similar behavior has been observed in other NDTs, where dUrd and cytosine were the best donor and acceptor, respectively (3, 28, 36) . Likewise, hypoxanthine was the worst base acceptor, which supports the idea that LrNDT is a type II NDT like LhNDT, in contrast to LhPDT, a type I NDT, which prefers hypoxanthine as base acceptor due to its specific role in the metabolism of dIno (28) . Interestingly, LrNDT shows higher specific activities than do other described NDTs (27, 56) : for instance, dAdo synthesis is 30-fold higher than the value reported for LfNDT, actually showing this enzyme as a very suitable biocatalyst to be used in industrial nucleoside synthesis. Finally, nonnatural nucleoside synthesis has been performed with quite interesting results. Thus, we have showed that LrNDT recognizes an extensive group of nucleosides and synthesizes a wide range of nonnatural nucleosides. For instance, the enzyme is able to synthesize 5-fluoro-2Ј-deoxycytidine, 5-fluoro-2-methoxy-4(1H)-pyrimidinone-2Ј-deoxyribose, arabinonucleosides, and 2Ј-fluoro-2Ј-deoxyribonucleosides, this being the first time that an NDT enzyme has shown arabinosyltransferase activity.
These unexpected results are rather surprising because, whereas NDTs accept different bases (natural and modified), they are highly specific for 2Ј-deoxyribose due to interaction of 3Ј-OH sugar with catalytic Glu, which seems critical for adequate orientation of the sugar moiety and optimal catalysis. When the donor is a ribonucleoside, the nucleophilic oxygen atom of the catalytic Glu hydrogen bonds to the O-2Ј atom of ribose and the enzyme is inactive (1). However, according to our experimental results, this hydrogen bond could not be produced in arabinonucleosides and 2Ј-fluoro-2Ј-deoxyribonucleosides, and LrNDT can recognize these substrates and catalyze the transfer of sugar at long reaction times. This substrate specificity could be explained according to the catalytic active site structure (Fig. 6) , where the presence of a 2Ј-OH or a 2Ј-fluor atom does not allow the interaction by hydrogen bonds to carboxylate the oxygen atom of the putative catalytic Glu101, whereas the 3Ј-OH of the sugar shows the normal hydrogen bond essential for catalysis (1, 29) . In this sense it is interesting that LrNTD shows a high sequence identity with other described NDTs from lactobacilli, where the essential amino acids involved in catalysis are conserved. So the amino acids proposed in substrate binding in L. leichmannii NDT, Asp72, Gln46, Asp92, and Asn123, as well as the catalytic residue Glu98, are conserved in the LrNTD sequence, a finding which supports an active site similar to those of other lactobacilli (see Fig. S4 in the supplemental material) .
It could be emphasized that enzymatic arabinonucleoside synthesis by LrNDT is performed by one enzyme, in contrast to nucleoside phosphorylases that require two purine and/or pyrimidine nucleoside phosphorylases or whole cells to carry out the synthesis (4, 9, 12, 38, 51-54). In conclusion, our results are an important contribution toward obtaining a biocatalyst to be used in industrial natural and, more interestingly, nonnatural tailored nucleoside synthesis, such as arabino-and 2Ј-fluoro-2Ј-deoxyribonucleoside analogues, which could be used as potential therapeutic agents. Furthermore, from an industrial point of view, LrNDT is an excellent candidate for obtaining an immobilized derivative to be used in large-scale bioreactors (unpublished data). 
